The clinical efficacy of many existing antibiotics is now being threatened by the emergence of multidrug-resistant pathogens. There is an urgent need for compounds that act on novel molecular targets that circumvent the established resistance mechanisms. Gram-negative bacteria, which are responsible for a large range of infectious diseases, have unique outer membranes that contain lipopolysaccharides which render them impermeable to certain antibiotics and bactericidal compounds (17) . Lipid A forms the hydrophobic anchor of lipopolysaccharides and causes many of the toxic side effects associated with gram-negative infections (20) . Lipid A from Escherichia coli is a hexaacylated disaccharide of glucosamine sugars, bearing phosphate residues at positions 1 and 4Ј (19) . Lipid A is required for bacterial growth and virulence, and the inhibition of its biosynthesis is lethal to gram-negative bacteria (7, 13) . In addition, certain mutations in the lpxA, lpxC, and lpxD genes have been shown to render bacteria hypersensitive to hydrophobic antibiotics such as erythromycin (19, 24, 25) . The enzymes and genes involved in E. coli lipid A synthesis have been extensively studied and characterized (19) and provide new targets in the search for antibacterial agents. The first step of this pathway involves the lpxA gene product, which catalyzes the transfer of an R-3-hydroxymyristoyl moiety from R-3-hydroxymyristoyl acyl carrier protein to the third position of the glucosamine ring of UDP-N-acetylglucosamine (5) . This reaction is thermodynamically unfavorable, and consequently the second reaction of the pathway is the committed step of lipid A biosynthesis (1) . This step is catalyzed by UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine deacetylase (LpxC) (27) , which removes an acetyl moiety from the 2-N position of glucosamine in the lipid A precursor UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine.
E. coli LpxC contains a bound zinc ion that is required for catalytic activity (10, 11) . Chiral phenyloxazoline-based hydroxamates, which are presumed to coordinate the active site metal of LpxC, have been described that have significant antibacterial activities (3, 18) . More recently, hydroxamateand phosphinate-based substrate LpxC inhibitors have been described, though these do not possess significant antibacterial activities (12) . The zinc ion-dependent mechanism of LpxC makes it a very attractive target, as there are many potent inhibitors of other zinc metalloenzymes that have been described. These include angiotensin-converting enzyme inhibitors, such as captopril, and inhibitors of the matrix metalloproteinases, such as marimastat (2) . Recently, a potent, orally bioavailable antibacterial inhibitor of the metalloenzyme peptide deformylase (PDF) has also been described (4) .
We have screened a metalloenzyme inhibitor library for compounds with antibacterial activities. Following this screen, we identified a series of sulfonamide derivatives of the ␣-(R)-amino hydroxamic acids, exemplified by BB-78484 and BB-78485, which had potent bactericidal gram-negative activities. We have demonstrated that the target of these compounds is LpxC and that decreased susceptibility to these inhibitors can occur through mutations in the fabZ gene, whose gene product is involved in fatty-acid biosynthesis, or in the lpxC target gene. These data further validate LpxC as a target for gram-negative selective antibacterials. g for 10 min and the cell pellet was resuspended and washed once with ice-cold 10 mM potassium phosphate (pH 8.0) (buffer A) and stored at Ϫ70°C. The cell pellet was resuspended in 100 to 120 ml of buffer A and sonicated on ice for five 60-s bursts by using a medium probe and a 22-m amplitude setting. The cell debris was pelleted by centrifugation at 15,000 ϫ g for 25 min. The soluble fraction was loaded onto a preequilibrated (with buffer A) Q-Sepharose anion exchange column (2.5 by 6 cm) at 8 ml/min. The column was washed with the same buffer until the A 280 returned to baseline and was eluted using a step gradient of 0 to 1 M NaCl in buffer A. The protein eluted at around 0.2 M NaCl was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The fractions containing the protein were pooled (30 ml) and concentrated to approximately 6 ml by using a 5-kDa-cutoff Centricon ultrafiltration device (Millipore, Watford, United Kingdom). The protein sample was loaded onto a Superdex 75 column (1.6 by 70 cm) and eluted at 1 ml/min with buffer A at 4°C. Multiple runs were carried out on this column, as a maximum of only 2 ml could be loaded per run. The fractions were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis, and the cleanest were pooled and concentrated. The protein concentration was determined at A 280 , using a calculated extinction coefficient of 24,500 M Ϫ1 cm Ϫ1 (10). LpxC assay. LpxC assays were performed in black 96-well Optiplates (Packard BioScience, Pangbourne, United Kingdom) with reaction mixtures (0.1 ml) containing 40 mM sodium morpholinoethanesulfonic acid (MES) buffer (pH 6.0), 0.02% Brij 35, 80 M dithiothreitol, 25 M UDP-3-O-(R-3-hydroxymyristoyl) GlcNAc, 50 ng (approximately 1.5 nM) of E. coli LpxC (Ͼ95% purity)/ml, and 2% (vol/vol) dimethyl sulfoxide (DMSO) vehicle with or without inhibitor. Reactions were started by the addition of enzyme and allowed to proceed for 30 min at 37°C, prior to stopping with 40 l of 0.625 M sodium hydroxide. After 10 min at 37°C to hydrolyze the 3-O-acyl ester (10), 40 l of 0.625 M acetic acid was added and the UDP-glucosamine was detected with 0.12 ml of o-phthaldialdehyde (OPA)-2-mercaptoethanol (250 nmol) in 0.1 M borax (pH 9.5) (21). Fluorescence (340 nm excitation/460 nm emission) was measured using a series 400 Fluostar fluorometer (BMG Labtechnologies, Aylesbury, United Kingdom). In some experiments, the acetic acid neutralization step was omitted and the detection reagents were added in 0.16 ml of 0.2 M boric acid at its natural pH. LpxC inhibitors were prepared in DMSO and diluted to 10% (vol/vol) DMSO for assay.
Antibiotic susceptibility determination. Organisms were tested by broth or agar microdilution, using Mueller-Hinton broth or agar, as described by the National Committee for Clinical Laboratory Standards (16) . The MIC of the compound was defined as the lowest concentration that prevented visible growth of the bacteria after incubation at 37°C for 20 h. Antimicrobial combinations were assessed using the checkerboard method (6) .
Time-kill analysis. The test strains were grown overnight at 37°C in MuellerHinton broth and then diluted with fresh broth to yield a starting inoculum of approximately 10 6 CFU/ml. BB-78484 and control antibiotics were added at a final concentration four-or eightfold above their MICs, and the cultures were incubated with agitation at 37°C. A parallel culture containing no antibiotic served as a control. Colony counts were determined at intervals by serial dilution onto Tryptone Soya agar plates. Antibiotic carryover was eliminated by using a dilution factor of at least 100.
Isolation of BB-78484-resistant mutants and determination of mutation fre- quencies. Approximately 10 9 CFU of exponentially growing bacteria were plated onto Mueller-Hinton agar containing concentrations of BB-78484 from 1 to 64 g/ml. After 48 h of incubation, the colonies were counted and the mutation frequencies were determined relative to the total number of viable organisms plated.
RESULTS

Metalloenzyme inhibitor library screen.
A proprietary lowmolecular weight library of compounds featuring metal chelating groups was screened for antibacterial activities against E. coli D22 (lpxC101). This strain was predicted to be differentially hypersensitive to LpxC inhibitors, as it carries a mutation in the lpxC gene which leads to impaired activity of LpxC (27) . The strain also shows increased sensitivity to a range of antibiotics due to the reduced biosynthesis of lipid A (Table 2) . A number of compounds with MICs of less than 1 g/ml against E. coli D22 were identified from this screen. The most potent compounds (MIC Ͻ 0.1 g/ml) derived from a series of sulfonamide derivatives of the ␣-(R)-amino hydroxamic acids, of which BB-78484 and BB-78485 are examples ( Fig. 1 and Table  2 ). Against a wider panel of pathogens, BB-78484 and BB-78485 showed predominantly gram-negative activities (Table  3) , with activities against members of the Enterobacteriaceae, Serratia marcescens, Morganella morganii, Moraxella catarrhalis, Haemophilus influenzae, and Burkholderia cepacia. Neither compound showed activity against Pseudomonas aeruginosa; however, against a "leaky" P. aeruginosa strain, some activity was seen with BB-78485. BB-78484 and BB-78485 had little or no activity against the gram-positive bacteria tested.
In vitro inhibition of LpxC. In order to confirm the molecular target of this class of inhibitor, we developed a novel homogeneous fluorometric E. coli LpxC assay. Cleavage of the natural substrate, UDP-3-O-(R-3-hydroxymyristoyl)GlcNAc, was measured using OPA to detect the sugar amine product (see Materials and Methods). As shown in Fig. 2 , there was a linear LpxC-dependent increase in fluorescence over a range of 0 to 5 ng (0 to 1.5 nM) for this enzyme. In the absence of substrate, there was no such increase in fluorescence, indicating that the concentration of protein in the assay was too low to cause a significant background with OPA (data not shown). Based on a calibration using glucosamine 1-phosphate, the specific activity of E. coli LpxC was estimated to be 1.2 mol/ min/mg of protein. This value is somewhat lower than might be expected based on a k cat of 3.3 s Ϫ1 , probably because E. coli LpxC requires 0.5 mg of bovine serum albumin/ml to achieve maximal activity (10) .
Using this assay, LpxC was inhibited by BB-78484 with a (Fig. 3) . The S-2-naphthyl compound, BB-78485, gave an IC 50 value of 160 Ϯ 70 nM (0.08 g/ml), consistent with its improved activity on whole cells (Table 3 ). For comparison, the LpxC inhibitor L-161,240 was also tested. This compound exhibits an IC 50 value of 26 nM when assayed with 3 M UDP-3-O-(R-3-hydroxymyristoyl)GlcNAc (18) . Characteristically for a competitive inhibitor, this value increased to 440 Ϯ 10 nM in our assay due to the higher substrate concentration (25 M).
The bacterial metalloenzyme PDF has been shown to be inhibited by hydroxamate-based compounds (4). Neither BB-78484 nor BB-78485 showed any activity in a PDF enzyme assay at concentrations up to 1 M.
Antibacterial activity is bactericidal. LpxC inhibitors inhibited the growth of E. coli ATCC 25922 in a bactericidal manner. Using BB-78484 at both 4 and 8 times above the MIC, viable bacterial counts were decreased by more than 3 log units in 4 h (Fig. 4) . This killing was comparable to the action of the known bactericidal agent carbenicillin and contrasted with that of chloramphenicol, a known bacteriostatic agent.
Synergy studies. Certain mutations in the lpxC gene have been shown to lead to increased susceptibility to other antibiotics, due to increased permeability in the gram-negative outer membrane (19) ( Table 2 ). It has been previously suggested that inhibitors of lipid A biosynthesis may act synergistically with other antibiotics, facilitating their entry into the pathogen (18) . This possibility was examined in a series of checkerboard experiments using E. coli D21 and BB-78484. Despite the increased susceptibility of E. coli D22 (lpxC101) to a range of antibiotics, no significant synergistic effects were detected with these antibiotics, although additive effects were seen with gentamicin, rifampin, and tetracycline ( Table 2) .
Development of resistance to BB-78484. The spontaneous mutation frequencies of BB-78484 against E. coli ATCC 25922 and a laboratory-derived K-12 strain, DH5␣, were determined. Bacteria were plated on antibiotic-containing plates at 8 times the agar MIC for each organism and incubated for 48 h at 37°C. BB-78484-resistant mutants arose at frequencies of 4 ϫ 10 Ϫ8 for E. coli DH5␣ and 2 ϫ 10 Ϫ9 for E. coli ATCC 25922. Analysis of the resistant mutants revealed they had 4-to 64-fold decreases in susceptibility to BB-78484 (Table 4) but remained sensitive to a range of other antibiotics (data not shown).
The mechanism of resistance was investigated by sequencing candidate genes involved in lipid A biosynthesis. The sequences of the fabZ, lpxA, lpxB, lpxC, and lpxD genes of the DH5␣ parent strain and of 12 DH5␣ BB-78484-resistant mutants were determined. The wild-type DH5␣ gene sequences were identical to those of the E. coli genome database entries. The majority of resistant strains harbored a mutation within the fabZ gene, while one strain contained a mutation within the lpxC gene. All other sequenced genes were identical to those of the wild type strain (Table 4) . DNA sequence analysis of the fabZ and lpxC genes of the E. coli ATCC 25922 mutants revealed a similar pattern, with 10 of the 11 strains analyzed harboring a mutation in the fabZ gene. The remaining mutant was wild type for both lpxC and fabZ. The fabZ gene encodes R-3-hydroxymyristoyl acyl carrier protein dehydrase, which acts on a precursor common between lipid A and fatty acid biosynthesis (Fig. 5) . FabZ mutants have previously been described as suppressors of certain lpxC mutations (15) and may function by increasing the concentration of the LpxC substrate available for lipid A biosynthesis. Eight independent mutations in fabZ were identified, with each mutant possessing a single base pair change resulting in a single amino acid substitution (Table 4) . Certain mutations were found more frequently than others; FabZ A69V occurred in eight independently obtained BB-78484-resistant mutants. The MICs of BB-78484 against all the fabZ mutants were similar, leading to an average 32-fold decrease in susceptibility. The lpxC mutant I38T had a 16-fold decrease in susceptibility to BB-78484. To confirm that the mutations in fabZ were responsible for the decreased susceptibility to BB-78484, the E. coli DH5␣ mutant strains FabZ A69V and FabZ A78V were transformed with the wild-type fabZ gene cloned into the plasmid pPCRScript-Amp. The presence of the plasmid copy of the wild-type fabZ gene restored the susceptibility to BB-78484 of the strains, indicating the recessive nature of these mutations.
Conversely, introduction of a plasmid copy of the lpxC gene had no effect on the susceptibility of the lpxC or fabZ mutant strains (data not shown).
DISCUSSION
Metalloenzymes represent a significant proportion of bacterial genomes, but to date no marketed antibiotics target metalloenzymes. We have developed a library of inhibitors that feature metal binding groups and have used it to screen for antibacterial activity. From this screen, a series of sulfonamide derivatives of the ␣-(R)-amino hydroxamic acids, exemplified by BB-78484 and BB-78485, were identified as having significant antibacterial activities. In particular, an E. coli strain carrying the lpxC101 mutation, which leads to a significant reduction in LpxC activity (27) , was hypersensitive to these inhibitors, showing a 250-fold increase in sensitivity ( Table 2) . LpxC has recently been identified as a metalloenzyme (10), and phenyloxazoline hydroxamate LpxC inhibitors had been shown to have antibacterial activities (18) . This result suggested that the metalloenzyme LpxC was the target of this novel class of compound. However, strains carrying the lpxC101 mutation also show increased susceptibility to a range of other antibiotics due to the perturbation of the outer membrane (Table 2) .
To confirm that BB-78484 and BB-78485 were LpxC inhib- 
itors, we developed an in vitro LpxC assay. Until recently (26) , LpxC has been assayed using a procedure based upon UDP-3-O-(R-3-hydroxymyristoyl)GlcNAc labeled at either the ␣-phosphate or the acetyl group with 32 P (13) or 3 H (9), respectively. Such procedures require a complex protocol to prepare the labeled substrate and require the separation of product and substrate prior to measurement. For this report, we used synthetic (nonradioactive) UDP-3-O-(R-3-hydroxymyristoyl)GlcNAc and developed a novel homogeneous fluorometric assay using OPA to measure the formation of the sugar amine product. Using this assay, BB-78484 and BB-78485 showed IC 50 values of 400 Ϯ 90 nM and 160 Ϯ 70 nM, respectively, which compared favorably with that of 440 Ϯ 10 nM for the previously described phenyloxazoline-based hydroxamic acid inhibitor L-161,240 (18) .
The hydroxamate-based LpxC inhibitors presumably act by analogy with other zinc metalloenzymes by binding the catalytic Zn 2ϩ ion and displacing the Zn 2ϩ -bound water molecule (8) . Derivatives of BB-78484 in which the hydroxamate is replaced by a carboxyl group show no significant antibiotic or LpxC-inhibitory activities (data not shown). BB-78484 and BB-78485 showed activity against a range of gram-negative pathogens tested and showed promising activity against members of the Enterobacteriaceae, Serratia marcescens, and Burkholderia cepacia. Although no antibacterial activity was seen against wild-type Pseudomonas aeruginosa, some activity was seen against a "leaky" P. aeruginosa strain, suggesting that access to this target rather than lack of LpxC inhibitory activity may limit the potency of these compounds. Previous studies with the hydroxamate phenyloxazoline inhibitor L-161,240 have shown that compared with the E. coli enzyme, it is significantly less potent against the P. aeruginosa enzyme (18) and has no activity against S. marcescens and P. aeruginosa whole cells. The spectrum of activities seen with the sulfonamide hydroxamate series suggests the possibility of obtaining LpxC inhibitors with broad-spectrum gram-negative activities.
Strains with increased resistance to BB-78484 were obtained against a laboratory-derived E. coli K-12 strain and a wild-type strain with frequencies of 4 ϫ 10 Ϫ8 and 2 ϫ 10 Ϫ9 , respectively. To determine the nature of these mutants, we selected a set of candidate genes that could potentially be implicated in decreased susceptibility to BB-78484, namely those involved in lipid A biosynthesis and neighboring pathways. Sequence analysis of mutants derived from E. coli DH5␣ and ATCC 25922 revealed that the majority of sequence changes occurred in the fabZ gene, with one mutant containing a mutation within the presumed target gene lpxC ( Table 4 ). The fabZ gene encodes a dehydrase involved in the metabolic pathway responsible for fatty acid biosynthesis. The FabZ substrate, R-3-hydroxymyristoyl acyl carrier protein, is situated at an important biosynthetic branch point, as it is also involved in the synthesis of lipid A (Fig. 5) . Mutations in fabZ which lead to a reduction in dehydrase activity have previously been isolated as suppressors of lpxC mutations (15) . It has been proposed that such mutations initially cause an increase in the pool of R-3-hydroxymyristoyl-ACP, the substrate of LpxA and the first step in lipid A biosynthesis. This increase in turn would lead to an increase in the concentration of the LpxC substrate, UDP-3-O-(R-3-hydroxymyristoyl)GlcNAc and thus would suppress the inhibition of LpxC by mass action (Fig. 5) . These mutations are predicted to be recessive in nature, as restoration of full dehydrase activity would lead to a normal turnover of the R-3-hydroxymyristoyl acyl carrier protein. The fabZ mutations found in this study (Table 4) differ from those of the previously reported lpxC suppressor mutants, R100H, F101Y, P104S, and R121H (14, 15) . It is assumed that the mutations we report also lead to a decrease in dehydrase activity, although this has not been demonstrated. However, consistent with the predicted recessive nature of such mutations, introduction of the wild-type fabZ gene back into the strains harboring the fabZ A69V and A78V mutations restored the susceptibility of these strains to BB-78484.
In addition to the fabZ mutations, one strain with a mutation in the lpxC gene was also isolated. This mutation, LpxC I38T, does not occur within a conserved region of LpxC, and the role of this residue awaits further structural information on the LpxC protein. However, the mutant strain maintains its sensitivity to a range of diverse antibiotics (data not shown), suggesting that it does not significantly reduce LpxC activity, thus producing the same effect on the outer-membrane integrity of the cell as found with some alleles of lpxC (e.g., lpxC101). Instead, it is probable that the I38T mutation affects the ability of LpxC to bind BB-78484. It is assumed that such a mutation will be dominant, and as expected, introduction of the wildtype lpxC gene into this strain did not significantly affect its susceptibility to BB-78484.
As predicted for an inhibitor of lipid A biosynthesis, BB-78484 had a bactericidal mode of action, achieving 3-log killing in 4 h against a wild-type E. coli strain. Similar activities are observed in conditional mutants of lpxA at the restrictive temperature (7). The time-kill kinetics was similar to that seen for carbenicillin and contrasted with that seen for chloramphenicol, a bacteriostatic agent. It has been suggested that inhibitors of LpxC activity may act synergistically with other classes of antibiotics because of their ability to reduce lipid A biosynthesis and hence outer-membrane integrity (18) . Despite the increased sensitivity of a range of antibiotic classes against E. coli D22 (lpxC101), no synergy was seen in standard checkerboard in vitro assays with BB-78484 against the parental strain E. coli D21. This suggests that only a narrow window for enhanced uptake of a second antibiotic exists with these inhibitors and may reflect a limited dose response range on lipid A biosynthesis in whole cells.
In conclusion, using a metalloenzyme inhibitor library we have discovered a distinct class of LpxC inhibitors that have potent bactericidal gram-negative selective activities. These data further confirm the potential of LpxC as a target for gram-negative selective antibacterials. Development of knowledge regarding the structure activity relationships of LpxC inhibitors and the structure of the enzyme will facilitate the design of potent and broad-spectrum inhibitors as useful antibiotics.
